INTRODUCTION
Gums are carbohydrates with high molecular weight that are water soluble and insoluble in most organic solvents (Imam et al., 2013) . They may be obtained from various sources, such as seeds (guar gum), algae (carrageenan gum), microorganisms (xanthan gum), and plant exudates (gum arabic), which have different properties and applications depending on their origin and chemical composition (Nussinovitch, 2010) . That has been driving the investigation of new gum sources, among which the gum obtained from the exudate produced in the trunk of buriti tree (Mauritia flexuosa). The buriti tree is a palm of the family Arecaceae that is very abundant in the North region of Brazil. Its fruits are used as food and the leaves and stalks are used to make utensils and handicraft (Smith, 2014) .
Knowing the rheological and colloidal parameters of gums is a valuable tool to characterize both their flow and deformation and their behaviors dependent on the solids content or changes in particle size and surface charges of the particles governing the stability of the polysaccharides in solution (Phillips, 2000) . Such knowledge is key for processes to modify the texture and for determining the emulsifying stability or phase separation when the gums are added to formulations, such as in foods or drugs (Yaseen et al., 2005) .
The stabilizing, emulsifying, and gelling role of gums prevent undesirable changes in foods such as crystallization of sugars and sedimentation, as well as other physical transformations that must be controlled to achieve good product acceptance (Paraskevopoulou et al., 2005) . temperature, concentration, pressure, or shear rate. All those factors directly influence the inter-and intramolecular interactions of polymers, reorienting them or impacting hydrogen bonds and Van der Waals interactions, which changes their properties (Eddy et al., 2014) .
Since different temperatures are usually used during processing of hydrocolloids, their rheological properties must be studied as a function of this variable. Moreover, the apparent viscosity of hydrocolloids as function of concentration is generally described by either an exponential or a power relationship (Rao, 1999) . The Arrhenius mathematical model is used to determine the influence of temperature on the rheological behavior of a product, relating apparent viscosity values to temperature (Rao, 2013) . Likewise, the influence of solids concentration on viscosity may be estimated by an exponential model or by a power model (Rao, 1999) .
The mathematical modeling of the experimental data is an important key on the knowledge of the product's rheological behavior since rheological model factors provide essential information on defining unit operations such as pumping, mixture systems, thermal treatment and concentration (Rao, 1999; Silva et al., 2005) .
Based on that, this study aimed to investigate the effect of temperature and concentration on the rheological behavior of the gum obtained from the exudate produced in buriti tree trunk, as well as to perform the mathematical modeling of the effect of those variables on product viscosity. Furthermore, the influence of the gum's particle surface charges when the gum is found in aqueous dispersions was assessed.
MATERIAL AND METHODS

Obtaining and purifying buriti tree gum
The raw buriti tree exudate was collected in April 2015 in the Cametá Tapera Island (Pará, Brazil) (2°09'02.77'' S and 49°26'15.57'' W) directly from the trunk at 0.8 m from the soil and stored in polyethylene bags at 25 °C for up to 24 hours. In order to obtain the gum, the raw exudate was suspended in distilled water (1:10, w/v) at room temperature (≈ 25 °C) for 24 h with no stirring. Next, the dispersion was filtered in 1 mm mesh and the filtrate was centrifuged at 2,778 x g for 10 min (Suprafug 22, Heraeus Sepatech, CA, USA). The impurities retained were discarded and the supernatant was added with ethanol p.a. (1:3, gum solution:ethanol, v/v) . The buriti tree gum (BG), composed of the precipitated fraction, was dried in a forced air oven (50 °C/24 h), ground, and stored in amber flasks at 25 °C.
Gum centesimal composition
The contents of moisture, ashes, lipids, and proteins (nitrogen-protein conversion factor of 6.25) of BG were determined according to the methodologies recommended by the Association of Official Analytical Chemists (AOAC, 1995) . Total carbohydrates were estimated by difference (100 -(% moisture + ashes +lipids + proteins)).
The ζ potential was measured in a ZetaSizer Nano Zs (Malvern Instrument, Worcestershire, UK) device in capillary cells (model DTS 1060) bundled in the basic package of the ZetaSizer device and connected to a Malvern Instrument MPT-2 automated multi purpose titrator. BG suspensions in water were prepared and maintained under mechanical stirring for 15 min in an Ultra Turrax disperser at 3,780 x g for 1 h. Next, the pH of the BG suspensions was gradually adjusted with nitric acid (0.1 M) and sodium hydroxide (0.1 M) solutions.
Particle size distribution
A Malvern ZetaSizer reading at 633 nm radiation device was used to determine particle size distribution at 25 °C. Deionized water was used as blank (Mirhosseini et al., 2008) . The polydispersity index was calculated based on the correlation between the dispersion measured and the dispersion predicted by the light dispersion theory (Maranzano and Wagner, 2001 ).
Rheological characterization
The rheological tests to assess flow were carried out using a Brookfield R/S Plus (Brookfield Engineering Labs, Middleboro-MA, USA) rheometer in cone and plate geometry operating in CR (controlled rate) mode with controlled shear rates (g) and shear stress (t) values obtained in a pre-defined time interval. The analyses were performed in BG dispersions with different concentrations (4, 5, 8, and 10% m/v) and, for each dispersion, the runs were carried out at different temperatures (15, 20, 25, 30, and 40 °C) . The concentrations and temperatures employed were chosen based on previous studies on gum dispersion (Fadavi et al., 2014; Eren et al., 2015) .
The system temperature was maintained by a temperaturecontrolled water bath (Lauda 3200, Köningshofen, Germany) coupled to the rheometer. The total analysis time was 120 s, at 60 s for ramp up and 60 s for ramp down. Due to the lack of thixotropy effect, the mean value between the two ramps was used for mathematical modeling. The pre-defined shear rate ranged from 0 to 600 s -1 with points obtained every 2 s (variation of 20.68 s -1 in the shear rate at every point) for a total of 30 points for each curve. All analyses were carried out in triplicate.
Rheological modeling
Several mathematical models are used in rheological studies in order to understand the effects of applying the shear rates in polymeric dispersions at the molecular level. This study used the Newton (Eq. 1), Power Law (Eq. 2), and Herschel-Bulkley (Eq. 3) models (Rao, 2013) .
Where, t = shear stress (Pa); m = viscosity (Pa.s); g = shear rate (s -1
); t 0 = yield stress (Pa); n, n hb = flow behavior indices (dimensionless); k, k hb = consistency indices (Pa.s n ).
Influence of temperature on rheological behavior
The Arrhenius equation (Eq. 4) was used to assess the influence of temperature on the product's apparent viscosity (m ap ), whose values were determined by the ratio of the shear stress by a shear rate of 310 s -1 (Alghooneh et al., 2017) . According to Steffe (1996) , the typical shear rate for industrial processes of mixing and pumping foods may range from 1 s -1 up to 1,000 s
Where, m ap = apparent viscosity (Pa.s); A 0 = empirical constant (Pa.s); E a = activation energy (kJ/mol); R = gas constant (0.008314 kJ/mol.K); T = temperature (K).
Statistical analysis
Non-linear regression in the software Origin 8.0 (OriginLab, Middleboro-MA, USA) was used to fit the mathematical models to the experimental data. The coefficient of determination (r 2 ) and reduced chi-squared (χ 2 ) values were used to assess the quality of the mathematical fits.
RESULTS AND DISCUSSION
BG centesimal composition
The analyses found 10.43% (±0.13) moisture, 5.05% (±0.08) ashes, 0.68% (±0.09) lipids, 3.09% (±0.19) proteins, and 80.76% (±0.92) carbohydrate in the BG. This composition is very similar to that observed for gum from Acacia farnesiana, which had 12.02% moisture, 4.48% ashes, 0.85% lipids, 3.59% proteins, and 79.06% carbohydrates (Sibaja-Hernández et al., 2015) . In addition, Bashir and Haripriya (2016) observed the following composition for gum arabic: 10.77% moisture, 2.90% ashes, 0.37% lipids, 1.75% proteins, and 84.21% carbohydrates. From the technological standpoint, the similarity of the BG composition with that of gum arabic may be an important indication of the product's industrial application.
Sibaja- Hernández et al. (2015) highlight the importance of the interaction between proteins and the polysaccharide, such as interface anchoring groups of gums in oil droplets or other hydrophobic substances, which is directly related to the viscoelastic and stability properties of the emulsion. In that context, Al-Assaf et al. (2009) observed that the protein-arabinogalactan fraction of a proteinpolysaccharide complex was responsible for the emulsifying activity of gum arabic.
BG ζ potential
The ζ potential of the BG aqueous dispersion was -17.1 mV (±2.69). Vasile et al. (2016) observed ζ potential values of -43.50 and -45.85 mV for the gum obtained from exudate of Prosopis alba and -41.20 and -36.10 mV for gum arabic in dispersions with 2 and 5% gum, respectively. The negative character of the dispersion's ζ potential may be attributed to the neutral nature of BG. According to Carneiro-da-Cunha et al. (2011), the stability of aqueous systems is better for ζ potential values between -30 mV and +30 mV, conditions in which the surface charges repeal each other. In turn, colloidal instability increases as the ζ potential value gets closer to 0 mV. According to Bohmer et al. (1990) , the stability of polymeric dispersions in emulsions depends on steric stability, which results from the interaction between the polymer and the particle surface, for example. As all particles already covered by the polymer get closer, osmotic pressure increases (caused by the spatial confinement of the complex formed between the polymer and the particles), which may induce a repulsive force. Moreover, according to those same authors, there is also dependence with the double-layer particle-particle electrostatic stability, which is effective at distances comparable to the Van der Waals attraction forces. However, the particle-particle electrostatic system depends on good colloidal stability of polysaccharides so they are able to perform their emulsifier role well (SibajaHernández et al., 2015) .
The variation in ζ potential as a function of pH of the BG aqueous dispersion can be seen in Fig. 1 . According to that figure, when pH gets close to 1, the ζ potential reaches values close to 0 mV, which may cause instability in the gum's dispersion (Abdolmaleki et al., 2016) . In turn, at pH > 2, the dispersion's ζ potential drastically drops and reaches a value of approximately -20 mV at pH 4. The curve's trend suggests that the dispersion of BG will reach a ζ potential value of -30 mV at pH between 4 and 5. Thus, based on the DLVO theory, which admits that only the Van der Waals and electric forces determine the degree of stability of colloids (Cruz et al., 2017) , this is the pH range of greatest colloidal stability of the BG aqueous dispersion. A similar behavior as the ζ potential versus BG dispersion was observed by Ishikawa et al. (2005) for gum arabic dispersions.
Particle size distribution
The analysis of particle size distribution based on light scattering intensity (Fig. 2) showed that the aqueous distribution of BG had a bimodal polydispersity behavior (Malvern, 2004) . The distribution shows a smaller particle population with mean size of 45 nm, represented by the less intense peak, and a peak with more intensity and scattering, which comprises particles with mean size of 648.1 nm. The polydispersity index (PDI) observed for the aqueous dispersion of BG was equal to 1 (Bonatto and Silva, 2014) . PDI values in the range of 0.05 to 0.08 correspond to monodisperse (monomodal) dispersions, whereas values between 0.08 and 0.70 characterize dispersions with intermediate polydispersity. In turn, values of PDI > 0.70 are attributed to more open polydispersivities, i.e., with greater variability in particle size (Felix et al., 2017) .
Rheological behavior of BG
The flow curves of BG in aqueous dispersion at the different concentrations (4 to 10%) and temperatures (10 to 40 °C) are presented in Fig. 3 . A linear behavior can be seen between shear stress and shear rate for dispersions with 4 and 5% BG, which indicates a Newtonian behavior for those samples. In turn, dispersions with 8 and 10% BG had non-Newtonian fluid behavior with pseudoplastic characteristics (Naji-Tabasi and Razavi, 2015) .
Overall, all models tested had good fits to the rheological data of BG dispersion in the experimental domain since all fits had high coefficient of determination (r²) values and low reduced chi-squared (χ²) values (Table 1) . However, the Herschel-Bulkley model had the best statistical indices for all conditions studied (Fig. 3) . This model, besides comprising the parameters consistency index (k hb ) and flow behavior index (n hb ), contemplates the yield stress (τ 0 ), which is the minimum tension required for flow to occur and below which the material exhibits characteristics of a solid (Steffe, 1996) . The negative values indicate that the τ 0 values observed have no physical meaning (Zimeri and Kokini, 2003) and, since the values are very close to zero, it can be said that there is no limiting shear stress. According to Zhu et al. (2001) , the values observed for τ 0 may be attributed to imprecision in data acquisition in low-velocity regions.
The good fits of the Newton model and the n hb values close to 1 for the dispersions with 4 and 5% BG (Table 1) confirm the Newtonian character for all dispersions in these conditions. The n hb values away from 1 and the increase in the value of k hb confirm the change in fluid behavior for the dispersions with 8 and 10% BG, which started showing a pseudoplastic (n hb < 1) character (Rao, 2013) . Oliveira et al. (2001) observed Newtonian behavior for aqueous dispersions of gum from Enterolobium contortisilliquum at concentrations of up to 1% and pseudoplastic behavior for higher concentrations. In turn, Mothe and Rao (1999) and Goycoolea et al. (1995) studied the rheological behavior of aqueous dispersions of cashew three (Anacardium occidentale) gum, mesquite (Prosopis spp.) gum, and gum arabic and observed that the aqueous dispersions of all gums behaved as Newtonian fluids at concentrations up to 20%, after which they showed pseudoplastic behavior. That behavior is characteristic of gums that have good solubility and whose dispersions had low viscosities at up to higher concentrations (Andrews, 1993) . The rheological behavior observed for aqueous dispersions of BG indicates that flow and pumping operations, for example, are facilitated when low concentrations, of up to 5% BG, are used. Under those conditions, the dispersion behaves as a Newtonian fluid and will have constant viscosity regardless of the effort applied (NajiTabasi and Razavi, 2015) . Thus, dispersions with low BG concentrations may be used as additives in emulsions and ready-to-eat sauces (Bai et al., 2017) . On the other hand, BG dispersions with concentrations above 5% will require greater initial shear force until greater shear rates are reached, when the viscosity of the dispersion will drop along with shearing. That pseudoplastic nature may hamper the pumping process; however, it may be an adequate characteristic for application in controlled-release drug devices, for example (Sharma and Mazumdar, 2013) .
Overall, the scientific literature indicates that the rheological behavior of gums obtained from plant exudates is mainly influenced by the structure, conformation, and inter-and intramolecular interactions of polymeric chains (Andrews, 1993) . According to Naji-Tabasi and Razavi (2015) , the drop in viscosity of gums as the shear rate increases, a typically pseudoplastic behavior, is attributed to the orientation of polymers, initially intertwined and entangled. Li and Nie (2016) , in turn, concluded that the rheological responses of gum arabic to shearing are attributed to the presence of an equilibrium system (aggregation and disaggregation) of molecular chains instead of the linear orientation of molecules.
Based on information of the scientific literature, it is reasonable to assume that BG has a complex microstructure system with high degree of ramifications. That makes the dispersions with low gum concentrations have lower molecular coupling of polymeric chains whereas, at higher concentrations, the molecular interaction-aggregation of chains is favored (Li and Nie, 2016) . That behavior justifies the transition from the Newtonian to the pseudoplastic regime observed for BG dispersions.
Influence of temperature and concentration on BG rheology
The viscosity of BG dispersions, at all concentrations studied, decreased as temperature increased (Fig. 4) . The thermal stability of natural polymers is attributed to intramolecular attraction forces such as hydrogen bonds and Van der Waals force, while methyl and hydroxyl groups, as well as hemiacetal atoms, contribute to chain stability (Tako, 2015) . The increase in temperature weakens the intra-and intermolecular attraction forces and results in the disorientation of polymeric chains, which leads to lower dispersion viscosity (Eren et al., 2015; Nwokocha and Williams, 2016) . Particularly for polysaccharides, that effect also depends on the solution concentration, i.e., the higher the dispersion concentration, the lower the dependence on temperature with the molecular mobility of the polymer (Li and Nie, 2016) , which can be seen in the slopes of the lines in Fig. 4 . Table 2 shows the activation energy (E a ) values calculated for the BG dispersions at the different concentrations. E a represents the energy barrier to be overcome for flow to occur (Gong et al., 2012; Rao, 2013) and the higher its value, the greater the influence of temperature on product viscosity (Silva et al., 2005) . The reduction in E a value as the BG dispersion concentration increases can be explained by the fact that the higher the concentration, the greater the inter-and intramolecular interactions of the polymer, thus inhibiting hydration with the consequent reduction of polymer breakdown, which contributes for viscosity to be less sensitive to temperature (Gong et al., 2012; Nwokocha and Williams, 2016) .
Overall, the E a values obtained for BG dispersions match those observed for aqueous dispersions of other gums such as from Acacia tortuosa at 40% m/v (19.5 kJ/mol) (Muñoz et al., 2007) , Albizia lebbeck at 3% m/v (17.2 kJ/mol), Acacia senegal at 2% m/v (15 kJ/mol), Annacardium occidentale at 2% m/v (16.2 kJ/mol), and Acacia macrocarpa at 2% m/v (16.8 kJ/mol) . The values are mean of a triplicate with variation coefficient < 5%; A 0 : Empirical constant; E a : Activation energy; r 2 : Coefficient of determination; χ 2 : Reduced Chi-squared
CONCLUSION
The characterization of polysaccharides from new plant sources is an alternative to provide low-cost resources with good technological and industrial performance. In this context, the centesimal composition of the gum extracted from the exudate of buriti tree trunk (BG) was similar to the composition of gum from Acacia farnesiana, a gum arabic species. In addition, the aqueous dispersion of BG had intermediate colloidal stability (ζ potential = -17.1 mV), polydispersity in relation to particle size distribution (PDI = 1), and a tendency for greater colloidal stability at pH > 4. The flow curves of aqueous BG dispersion were satisfactorily described by the Herschel-Bulkley model. The aqueous dispersion of BG had Newtonian fluid behavior at low concentration (4 and 5% m/v) and started behaving as a pseudoplastic fluid at higher concentrations (8 and 10% m/v), which indicates versatility for the technological application of the gum. The activation energy values indicated a reduction in sensitivity of viscosity of aqueous dispersion of BG to the effects of temperature as the BG concentration in the dispersion increased.
